To examine the mechanism by which Shiga toxin alters intestinal water and electrolyte transport, ligated loops of rabbit jejunum were incubated in vivo with purified toxin and then studied in vivo by single pass perfusion and in vitro by the Ussing chamber voltage-clamp technique. Toxin exposure led to accumulation of water in the jejunal lumen, associated with decreased active basal NaCi absorption. Glucose-and alaninestimulated Na absorption were also reduced, while toxin had no effect on either basal short-circuit current or the secretory response to theophylline. These observations suggest that Shiga toxin selectively inhibits NaCl absorption without significantly altering active anion secretion. To localize the cellular site of toxin action, populations of villus and crypt cells from rabbit jejunum were isolated and studied. Villus cells had a greater content of the glycolipid Shiga toxin receptor, Gb3, had more toxin binding sites than did crypt cells, and were much more sensitive than crypt cells to toxin-induced inhibition of protein synthesis. These experiments demonstrate that purified Shiga toxin inhibits jejunal fluid absorption .without affecting active fluid secretion by a preferential effect on villus cells. The results suggest that this is due to the differential distribution of toxin receptors on villus compared to crypt cells.
Introduction
Shiga toxin is a multimeric protein toxin produced by Shigella dysenteriae 1 (1) . When placed into intestinal loops in animals, the toxin induces the luminal accumulation ofwater and electrolytes (enterotoxicity) (2) . This observation has led to the suggestion that the toxin may play a role in the pathogenesis of the diarrhea that occurs in Shigella infections. There is also evidence that similar, closely related toxins act as virulence factors in disease due to other Shigella species and in pathogenesis of hemorrhagic colitis caused by Escherichia coli 0157:H7 (3).
Experiments with in vitro cell-free systems have demonstrated that Shiga toxin catalytically inactivates the eukaryotic 60S ribosomal subunit (4) by specifically modifying a single adenine base at position 4324 in the 28S rRNA, thereby interrupting cellular protein synthesis (5) . This RNA N-glycosidase activity may explain the ability of Shiga toxin to kill susceptible cells in tissue culture (cytotoxicity) and, possibly, to cause limb paralysis and death when parenterally administered to susceptible animal species (neurotoxicity). Although depression of protein synthesis has been speculated to be responsible for the enterotoxic activity of Shiga toxin (1) , no plausible mechanism has been proposed. In fact, cycloheximide-mediated inhibition of intestinal mucosal protein synthesis inhibits secretagogue-induced fluid secretion (6, 7) .
The goal of the present study was to examine the effects of purified Shiga toxin on electrolyte and water transport in mature rabbit jejunum to better understand the mechanism by which it induces fluid secretion. We chose rabbit jejunum as a model because earlier studies indicated that this tissue responds to Shiga toxin with net secretion of fluid in the absence ofgross histological changes (8) . Our studies suggest that villus, but not crypt, epithelial cells in rabbit jejunum are susceptible to Shiga toxin. This selectivity may explain the effects of Shiga toxin on intestinal electrolyte transport.
Methods
Shiga toxin was purified from S. dysenteriae 1, strain 60R, as previously described (9) . The purified toxin caused detachment of susceptible HeLa cells, with a specific activity of 4 X 107 CD50/mg toxin protein.
Male New Zealand albino rabbits, weighing 2-2.5 kg, were maintained on standard rabbit chow diet with free access to water, but not to food, for 12-18 h before experiments. Animals were anesthetized with intramuscular injections of a combination of xylazine (5 mg/kg), acepromazine maleate (0.75 mg/kg), and ketamine (55 mg/kg), and killed with Na pentobarbitol (100 mg/kg i.v.).
In vivo intestinal transport studies. Two adjacent, but separate, closed jejunal loops, each 10 cm in length, were constructed beginning 5 cm distal to the entry of the pancreatic duct. The loops were washed gently with 50 ml of PBS, and inoculated with either purified Shiga toxin, 50 gg in I ml of PBS, or 1 ml of PBS alone. The loops were then returned to the abdomen. After 3 h, both jejunal loops were cannulated and washed with 100 ml of warm PBS during a 20-min period. Water transport was then determined in vivo by the single pass perfusion technique using the nonabsorbable marker, PEG as previously described (10) . Loops were perfused at a constant temperature (37°C), and rate (0.5 ml/min) with a peristaltic pump (model 1203; Harvard Apparatus Co., Millis, MA) while maintaining body temperature at 37°C with a thermocouple controlled heating lamp. Perfusion consisted of a 60-min steady state period followed by nine 20-min collection periods. The perfusion solution was Ringer's-HCO3 (pH 7.4, os-molarity 275 mosM/kg) composed ofthe following (in mM) NaCl 115, NaHCO3 25, K2HPO4 2.4, KH2PO4 0.4, CaCI2 1.2, and MgCl2 1.2.
['4C]PEG (4, 000 mol wt; 0.01 MCi/ml; New England Nuclear, Boston, MA) and unlabeled PEG (2 g/liter) were added to the perfusate as nonabsorbable water markers. The perfusate was continually gassed with 95% 02-5% CO2. Water transport was calculated as previously described (10) and expressed as microliters/hour-centimeter length of loop. For each perfusion period, ['4C]PEG recovery was calculated, and periods during which PEG recovery was not 95-105% were discarded. Absorption from the lumen is expressed as a positive value and secretion into the lumen as a negative value and reported as the mean±SEM.
In vitro intestinal transport studies. Active electrolyte transport in rabbit jejunal mucosa was measured during the time period in which intestinal water secretion induced by Shiga toxin was documented by the single pass perfusion studies described above. Adjacent closed jejunal loops, starting distal to the entry of the pancreatic duct, were inoculated in vivo with 50 ,g Shiga toxin in 1 ml of PBS, or I ml of PBS alone. After 3 h, the animals were killed, the jejunal loops were removed, the muscularis propria and serosa were stripped away, and active electrolyte transport was determined by the Ussing chambervoltage clamp technique, as previously described (I 1). Mucosa was mounted as a flat sheet between two modified lucite Ussing chambers having an aperture of 1.13 cm2, bathed with Ringer's-HCO3 at 370C, and prepared for measurement of transmural potential difference (PD),' short-circuit current (Is), conductance (G), and undirectional fluxes of Na and Cl. At the beginning of the experiment, glucose (10-2 M) was added to the serosal bathing solution and mannitol (10-2 M) was added to the mucosal bath. An automatic voltage clamp (World Precision Instruments, Inc., New Haven, CT; model DVC 1000) corrected for fluid resistance between the PD sensing bridges and provided continuous short-circuiting of the tissue. Unidirectional fluxes of Na and Cl were measured 20-80 min after addition of the isotopes 22Na and 36CI as previously described (1 1). To study stimulated active electrolyte transport, either glucose (10-2 M) or alanine (3 X 10-2 M) was added to the mucosal bathing solution, or theophylline (10-2 M) was added to the serosal bathing solution (I 1). In some studies, two 20-min flux periods were determined in Shiga toxin exposed and control intestinal mucosal sheets and then 10-8 M tetrodotoxin (Sigma Chemical Co., St. Louis, MO) was added to the serosal surface and two further 20-min flux periods were determined.
Enterocyte isolation. Villus and crypt epithelial cells were isolated from rabbit jejunum by a modification of the method of Weiser (12) . Rabbits were killed by an overdose of Na pentobarbitol, the jejunum was removed, and the lumen was then washed with ice-cold PBS containing I mM DTT (Bethesda Research Laboratories, Gaithersburg, MD). The lumen was then filled with warm oxygenated solution A (NaCl 96 mM, KCI 1.5 mM, KH2PO4 8 mM, Na2HPO4 5.6 mM, sodium citrate 27 mM, pH 7.4) at 37°C for 15 (15) . 800-,gg aliquots of washed villus cells (epithelial fraction 2) and crypt cells (epithelial fraction 8) were incubated in triplicate in 95% air-5% CO2 with 1 ml of leucine-deficient minimal essential medium (MEM) with Earle's salts (Irvine Scientific, Santa Ana, CA) supplemented with 100 U/ml penicillin and 100 Mg/ml streptomycin. Shiga toxin or cycloheximide (used as a positive control) were added in varying concentrations to the media. After 30 min of incubation, [3H]leucine (> 140 Ci/ml; New England Nuclear) was added to the media (final concentration, 5 Ci/ml), and the incubation continued for a further 15 min. Incubation was terminated by emersing all tubes in an ice-water slurry. The cells were then centrifuged at 20,000 g, and washed three times with PBS. An aliquot was taken for protein determination. The remainder ofthe cellular protein was solubilized in 0.5 M KOH, precipitated with an equal volume of 20% TCA at 4°C, and washed twice with 10% TCA at 4°C. The TCA precipitate was then solubilized in 0.5 N NaOH, and an aliquot of this material was added to Ready-Solv for scintillation counting. Results are expressed as a percentage of the untreated control values in counts per minute per milligram protein.
Binding of 1"I-Shiga toxin to isolated rabbitjejunal epithelial cells.
Purified Shiga toxin was iodinated by a modification ofthe chloramine T method as previously described (9) . Specific activity ofthe iodinated toxin preparation ranged from 15,000 to 30,000 cpm/ng toxin protein. Iodinated toxin appeared identical to native toxin on SDS-polyacrylamide gels and the radiolabeled toxin was fully active in the HeLa cell cytotoxicity assay (9) .
Binding studies were performed in triplicate with a modification of the rapid filtration technique, as previously described (16 Binding of '251-Shiga toxin to SDS-polyacrylamide gels of rabbit jejunal epithelial cells. '151-toxin binding to rabbit jejunal epithelial cells was determined on SDS-PAGE gels, as previously described (17) .
50-pg aliquots of each of the eight epithelial cell fractions obtained as described above were homogenized with a Dounce (loose) homogenizer, and sonicated over ice with six 30-s bursts using a Branson microtip sonifier. The fractions were then solubilized in denaturing buffer (2% SDS, 1% glycerol, 20 pg bromphenol blue/ml, in 0.5 M Tris, pH 6.8) and electrophoresed using an 11% polyacrylamide SDS slab gel, 1.5 mm thick, as described by Dharmalingam and Goldberg (18) . Gels were stained with 0.125% Coomassie brilliant blue, incubated overnight in destain (73% water, 20% methanol, 7% acetic acid) and then equilibrated in a 0.15 M NaCl, 0.05 M Tris-HCl, 0.1% sodium azide, pH 7.4 buffer, as described by Burridge (19) . The gel was next incubated for 12 h at room temperature in the same buffer containing '151-toxin (100,000 cpm/ml) and hemoglobin (1 mg/ml) as a carrier protein. Finally, the gel was washed for 48 h with several changes of buffer, dried, and autoradiograms prepared by exposure to Kodak X-omat AR film at -70'C using an intensifying screen.
Cholera toxin was obtained commercially (List Biological Laboratories, Campbell, CA) and iodinated by the same chloramine T technique used for Shiga toxin. The specific activity was 8,000 cpm/ng.
Binding studies similar to those described above with '251-labeled Shiga toxin were then performed with '251-labeled cholera toxin.
Immunoperoxidase staining of Shiga toxin bound to rabbit jejunum. Binding of purified, unlabeled Shiga toxin to intact rabbit jejunal mucosa was evaluated by a single-sandwich immunoperoxidase technique using polyclonal antiserum to Shiga toxin generated in rabbits and previously characterized in our laboratory (9) . A gamma globulin fraction of this serum was obtained by repeated ammonium sulfate precipitation according to the method of Hudson and Hay (20). Biotinylation was performed by the method of Bayer and Wilchek (21) . To 8 ml of gamma globulin (1 mg/ml in 0. 1 M NaHCO3, pH 9.0) was added 1 ml of DMSO containing 1 mg/ml N-hydroxysuccinimide (Sigma Chemical Co.). The reaction mixture was incubated at 23°C for 4 h, dialyzed against 1,000 vol of PBS, concentrated (such that 1 ml of the initial antitoxin serum corresponded to 4.2 ml of biotinylated anti-toxin antibody), and stored at -70°C until used. Immunoprecipitation of ''51-toxin with Staphylococcus aureus protein A showed that toxin binding by the biotinylated gamma globulin preparation was comparable to that of the gamma globulin fraction before biotinylation.
Pieces of normal rabbit jejunum were gently washed with ice cold PBS, embedded in Tissue TEK II (Miles Laboratories, Inc., Elkhart, IN) and rapidly frozen in liquid nitrogen. Microscopic sections (I1 pm thick) were placed on glass slides, air dried for at least 1 h, fixed in ice-cold acetone, and overlaid with Shiga toxin, 1 ptg/ml, in PBS for 1 h at 4°C. After washing, the slides were overlaid at4°C with the following solutions, with washing between each step, except as indicated: 0.3% hydrogen peroxide in methanol for 30 min; normal rabbit serum, 15 ug/ml in PBS, for 20 min (no wash); biotinylated polyclonal antibody directed against Shiga toxin, diluted 1:100 in PBS, for 1 h; avidin-biotinylated horseradish peroxidase macromolecular complex (Vector Laboratories, Burlingame, CA) for 1 h. Tissue-bound peroxidase was then visualized with 0.1% diaminobenzidine tetrahydrochloride in 0.1 M Tris, pH 7.2 containing 0.01% hydrogen peroxide.
Slides were counterstained with hematoxylin and prepared for light microscopy.
Lipid analysis. To compare the relative villus cell and crypt cell concentrations of the previously described Shiga toxin Gb3 glycolipid receptor (22, 23) , aliquots of rabbit jejunal villus cells (epithelial fraction 2) or crypt cells (epithelial fraction 8) were adjusted to 1 mg protein/ml in PBS and extracted with isopropanol/hexane/water (55:25:20), dried in a rotary evaporator, washed, and solubilized in100 ,ul of 2:1 chloroform/methanol, as previously described (22) . 5 p1 ofthis material was then spotted on high performance thin layer chromatography plates (HPTLC SI plates; J. T. Baker Chemical Co., Phillipsburg, NJ) and separated by upward flow of chloroform/methanol/ water (50:40:10) containing 0.02% CaCl2. Dried plates were sprayed for 1 min with 0.5% BSA in PBS, soaked in the same solution for 2 h, and then incubated for 4 h at 4VC with this same buffer containing '25I-labeled toxin (200,000 cpm/ml) (22) . After washing with several changes of buffer, the plates were air-dried overnight and either exposed to Kodak X-omat AR film using an intensifying screen or sprayed with 0.5% orcinol in 10% aqueous H2SO4, followed by heating for 5 min at 1000C to visualize the glycolipid bands. Authentic Gb3 was purified from human type B erythrocyte membranes by high performance liquid chromatography, as previously described (24) pl/h-cm; n = 13) compared to control loops in which net water absorption occurred (mean rate 27.9±11.4 p1/cm-h; n = 13) (P < 0.01). It should be noted that this continuing secretion occurred in toxin-exposed jejunum even though the intestine was thoroughly washed 3 h after toxin inoculation, and that toxin did not interfere with ['4C]PEG recovery (data not shown).
To determine if Shiga toxin was inducing luminal water accumulation by altering active electrolyte transport, toxinexposed mucosa was studied with the Ussing chamber voltage-clamp technique. Ligated jejunal loops were preincubated in vivo with toxin (50 pg in 1 ml of PBS) or PBS alone (1 ml) z for 3 h. These jejunal loops then were removed, washed, the serosa and muscularis propria were removed, and the mucosa mounted in Ussing chambers. Electrolyte transport was studied beginning 260 min after initial in vivo inoculation of the loops with toxin. In this manner, electrolyte transport was evaluated during the time of toxin-induced water secretion experimentally determined in vivo as above. Table I shows that short-circuit current and conductance were not significantly different in control (PBS incubated) and toxin incubated tissues. Measurement of net 22Na and 36C1 fluxes revealed that Na and C1 transport were not significantly different than zero in control jejunum and that net secretion of both ions was occurring in toxin-exposed jejunum. These decreases in net transport were significant compared to control values. Analysis of unidirectional fluxes showed that toxin-induced net ion secretion was a consequence of diminished mucosato-serosa Na and C1 fluxes, while serosa-to-mucosa fluxes were not significantly affected (Table I) . These experiments were performed with tissues exposed first to toxin in vivo since direct addition oftoxin to jejunal mucosa in vitro did not alter transport when studied for 120 min after inoculation (data not shown). These results suggested that Shiga toxin inhibits Na and Cl absorption without stimulating electrogenic Cl secretion. To further investigate this hypothesis, stimulated active secretion was studied with the Ussing chamber-voltage clamp technique. Addition of 10 mM theophylline to the serosal bath, known to stimulate anion secretion and increase short-circuit current (25) , resulted in comparable increases in short-circuit current in both the toxin-exposed and control tissues (Fig. 2) , suggesting that anion secretion was not affected by Shiga toxin. To determine if toxin induced inhibition of Na and Cl absorption extended to substrate-dependent Na absorption, the short-circuit current response to mucosal glucose (10 mM) or alanine (30 mM) was evaluated. The response to both mucosal glucose and alanine in toxin exposed jejunum was blunted in comparison to the response in buffer incubated jejunum (Fig. 2) , consistent with inhibition of glucose-and alanine-stimulated Na absorption.
To determine whether the Shiga toxin effect was exerted by stimulation of enteric nerves, tetrodotoxin was added to the serosal surface of buffer and toxin-treated tissue and fluxes determined. Tetrodotoxin stimulated net Na and Cl absorption in control tissue as expected, but failed to significantly increase Na and Cl absorption in Shiga toxin treated tissue (Table II) .
Effect ofShiga toxin on protein synthesis in vitro in isolated rabbit jejunal epithelial cells. Considerable evidence indicates that electrolyte absorption occurs in intestinal villus cells while Cl secretion occurs chiefly in crypt cells (25) . Accordingly, we explored the hypothesis that the observed effects were due to selective inhibition of the ion absorbing cells without a significant effect on the ion secreting cells. The first set of experiments was designed to determine whether Shiga toxin alters protein synthesis in villus and crypt cells in equivalent fashion. A villus-crypt gradient of epithelial cells was isolated from rabbit jejunum. Cells were eluted in a villus tip to crypt cell gradient, with an approximately fivefold difference in marker enzyme activity between fraction 2 and fraction 8 (Fig. 3) 3) . Fig. 4 shows that at all toxin concentrations studied, villus cells were receptors per villus cell, and only 1.5 X 104 per crypt cell. The calculated Kd for villus cells (6.2 X 10-1o M) was comparable to that for crypt cells (6.9 X 10-10 M).
To further study toxin binding ability along the villus-crypt axis, each cell population was solubilized, subjected to SDS-PAGE, and exposed to 125I-labeled toxin in order to detect components able to bind toxin. Coomassie brilliant blue staining revealed an identical protein band pattern in all 8 cell fractions (Fig. 6, top) . The accompanying autoradiogram (Fig.  6, bottom) showed that iodinated toxin bound to the dye front of the gel, which is consistent with the location of the previously described glyco-lipid Gb3 receptor in SDS-PAGE gels (17) . Binding also decreased gradually along the gradient from villus to crypt, with the crypt cell fraction 8 being virtually devoid of toxin binding ability. Binding was specific, as it was abolished when the gels were incubated first in the presence of an excess of unlabeled toxin. When '25I-cholera toxin was substituted for Shiga toxin in the same protocol, equivalent binding to the dye front (where GM1 ganglioside migrates) was Multiple bands were present by Coomassie brilliant blue staining (top). The gel was then overlaid with '25I-labeled Shiga toxin (100,000 cpm/ml) and S 1 2 3 4 5 6 7 8 prepared for autoradiography (bottom). Shiga toxin bound to components of rabbit jejunal epithelial cells present at the dye front, and decreased along the villus cell to crypt cell gradient from lanes I to 8. Lane S contains a series of molecular weight markers. Similar data were obtained in three experiments, and a representative gel and autoradiogram is shown. present in all cell fractions, including fraction 8 (data not shown). In addition, 125I-cholera toxin bound to several protein bands, as previously observed by others (27, 28) .
Immunoperoxidase staining. One explanation for the difference in toxin binding capacity between villus cells and crypt cells is that the toxin receptor is lost during the prolonged EDTA DTT incubation of the rabbit jejunum required for crypt cell isolation by the Weiser method. To examine this possibility, and to determine if differences in villus-crypt binding are detectable in intact intestinal tissue, a direct immunoperoxidase technique using biotinylated anti-toxin antibody was employed, as described in Methods. Brown reaction product indicating toxin binding was present along the villus surface but was not observed in the crypts of cryotome sections from normal rabbit jejunum (data not shown). Control sections incubated with cholera toxin (1 ug/ml) and anti-Shiga toxin antibody revealed a light brown background staining of the muscularis, but no reaction with the epithelial cells. Glycolipid analysis. High performance thin-layer chromatography of chloroform/methanol extracts of villus and crypt cells was performed to characterize the toxin binding component in the cells. A neutral glycolipid migrating in the region of authentic nonhydroxylated erythrocyte Gb3 and consistent with the location of hydroxylated gut Gb3 (29) was present in villus cells and not in crypt cells (Fig. 7, left) , whereas other lipids visualized were common to both cell types. Iodinated Shiga toxin bound to just the Gb3 band and only in villus cells (Fig. 7, right toxin is unusual in this respect in that, at least in rabbit jejunum, it appears to inhibit Na and Cl absorption without affecting active anion secretion. The evidence for this assertion comes from the experiments in which rabbit jejunum, preincubated in vivo with Shiga toxin, was studied with the Ussing chamber voltage-clamp technique. We were careful to perform these experiments at a time during which single-pass perfusion studies indicated that toxin was causing net fluid accumulation in the jejunal lumen. We found that the basal short-circuit current (an index of anion secretion) of toxin-incubated jejunal mucosa was not significantly different from control tissue, and that the incremental increases in short-circuit current after stimulation with a concentration of theophylline that leads to maximum Cl secretion was also comparable to control. These observations indicate that Shiga toxin does not stimulate active anion secretion, a crypt cell function. In contrast, glucose-and alanine-stimulated Na absorption were both significantly diminished in the Shiga toxin-incubated tissue. In addition, unidirectional 22Na and 36C1 fluxes demonstrated that Shiga toxin exposure inhibited non-substrate dependent Na and Cl absorption, with approximately equal decreases in mucosa-to-serosa and net fluxes of Na and Cl. Thus, multiple aspects of Na absorption were inhibited by Shiga toxin. It has not been conclusively established whether rabbit jejunum possesses "neutral" NaCl absorption, a process in which one molecule of Na is absorbed with one molecule of Cl. However, the similar inhibition by Shiga toxin of an electroneutral process in which equal inhibition of mucosa-to-serosa and net Na and Cl fluxes occurs, is compatible with an action on such a process.
Our experiments also provide an explanation for the selective action of Shiga toxin on electrolyte absorption. Villus cells, the specific cell believed to carry out electrolyte absorption (25) A relatively small number of toxin binding sites were detected on crypt cells (Fig. 5) , consistent with the minimal effect on leucine incorporation we observed in the crypt cell population following exposure to toxin (Fig. 4) . This degree of inhibition of protein synthesis can also be accounted for by as little as a 1% contamination of the crypt cell fraction with villus cells, which is possible in gut cell separations by the Weiser method. Thus, we conclude that Shiga toxin is highly specific for villus cells. Keenan et al. have previously drawn the same conclusion from high resolution light and scanning and transmission electron microscopy studies (30) . Their data demonstrate that purified Shiga toxin selectively damages villus epithelial cells in rabbit ileum, leaving crypt cells and goblet cells intact.
The experiments described in the present report are the first clear demonstration of an effect of purified Shiga toxin on intestinal electrolyte transport. The importance of using purified toxin is underscored by several differences between the reported effects of crude toxin and purified toxin. Crude toxin preparations are known to cause an inflammatory infiltrate in the lamina propria of the ileum (31, 32) and alterations in the myoelectrical activity of the muscularis (33) . These phenomena have not been demonstrated with purified toxin (30, 34). Donowitz et al. reported that crude Shiga toxin increases mucosal conductance and increases serosa-to-mucosa Na fluxes in rabbit ileum (32) , whereas in the present studies with purified toxin and rabbit jejunum neither effect was observed. They also reported that crude Shiga toxin blunts glucose-stimulated Na transport but does not alter basal short-circuit current or the incremental increase in short-circuit current after serosal theophylline, similar to the findings in this paper.
What then is the mechanism by which Shiga toxin causes accumulation of fluid in the gut lumen? Most studies using crude Shiga toxin have concluded that activation of adenylate cyclase is not necessary to cause toxin-induced fluid secretion (32, 35) , although in one report adenylate cyclase activity was enhanced (36) . The normal secretory response caused by theophylline in tissue exposed to purified Shiga toxin reported here further indicates the lack of involvement of adenylate cyclase in mediating the effects of Shiga toxin on transport. It is therefore tempting to speculate that the enzymatic action of Shiga toxin, which results in profound inhibition of protein synthesis, also underlies its ability to induce fluid accumulation in the intestinal lumen of experimental animals. Accordingly, a model explaining the in vivo "secretory" action of Shiga toxin can be proposed. Evidence presented here, and elsewhere (16, 17, 22) , indicates that the first step in the gut cell-toxin interaction is the binding of toxin to Gb3 on the villus cell brush border membrane. The toxin is subsequently internalized, probably by receptor-mediated endocytosis, as shown for HeLa or Vero cells (37, 38) , in order to reach its ribosomal site of action. The resulting inhibition of protein synthesis presumably leads to impaired villus cell absorptive function. Crypt cells are not affected by toxin because they appear to lack sufficient quantities of the glycolipid toxin receptor, Gb3. Consequently the basal crypt cell anion secretion is "unmasked," leading to accumulation of fluid in the intestinal lumen. This lack of a dual effect on both villus and crypt cell functions may explain why maximal secretory doses of Shiga toxin always result in less net secretion than comparable studies with cholera toxin (1, 8, 17) , and why addition of cholera toxin to rabbit ileal loops preincubated with Shiga toxin leads to further fluid accumulation (8) . Furthermore, the previous report that Shiga toxin inhibits intestinal galactose and alanine uptake (39) is in keeping with a global derangment of villus cell absorptive function caused by the toxin. As the final event, irreversible inhibition of villus cell protein synthesis eventually would lead to morphological changes in the villus cell and cell death. Histological alterations have indeed been reported in most studies examining the effects of Shiga toxin in vivo (8, 30, 3 1) .
While the bulk of the available evidence supports this proposed mechanism, the link between inhibition of villus cell protein synthesis and inhibition of villus cell electrolyte absorption remains to be established. However, we cannot definitively separate changes in jejunal sodium absorption due to a specific effect of Shiga toxin on jejunal absorptive cells from an effect due to "cytotoxicity" resulting from inhibition of protein synthesis. Although Shiga toxin diminished [3H]leucine incorporation into mucosal (mainly villus cell) protein in these studies, another presently unknown property of the toxin could still be responsible for its observed antiabsorptive effects. We raise this possibility because cycloheximide, which inhibits protein synthesis in both villus and crypt cells, diminishes, rather than enhances, the intestinal fluid secretion induced by cholera toxin (6) 'and by luminal hypertonic solutions (7) . Moreover, cycloheximide alone does not significantly alter luminal fluid movement or net NaCl fluxes (6) , in contrast to the effects we observed with Shiga toxin. But it is important to note that cyclohexamide is a small molecular weight protein that is transported across all cell membranes; thus it affects both villus and crypt cells equally. It is possible that this explains why the influence of parenterally administered cycloheximide on intestinal electrolyte transport is different from that of Shiga toxin, which exclusively targets villus cells and is delivered via the gut lumen.
